In the canonical Wnt pathway, ␤-catenin acts as a key coactivator that stimulates target gene expression through interaction with Tcf/Lef transcription factors. Its nuclear accumulation is the hallmark of active Wnt signaling and is frequently associated with cancers. Chibby (Cby) is an evolutionarily conserved molecule that represses ␤-catenindependent gene activation. Although Cby, in conjunction with 14-3-3 chaperones, controls ␤-catenin distribution, its molecular nature remains largely unclear. Here, we provide compelling evidence that Cby harbors bona fide nuclear localization signal (NLS) and nuclear export signal (NES) motifs, and constitutively shuttles between the nucleus and cytoplasm. Efficient nuclear export of Cby requires a cooperative action of the intrinsic NES, 14-3-3, and the CRM1 nuclear export receptor. Notably, 14-3-3 docking provokes Cby binding to CRM1 while inhibiting its interaction with the nuclear import receptor importin-␣, thereby promoting cytoplasmic compartmentalization of Cby at steady state. Importantly, the NLS-and NES-dependent shuttling of Cby modulates the dynamic intracellular localization of ␤-catenin. In support of our model, short hairpin RNA-mediated knockdown of endogenous Cby results in nuclear accumulation of ␤-catenin. Taken together, these findings unravel the molecular basis through which a combinatorial action of Cby and 14-3-3 proteins controls the dynamic nuclear-cytoplasmic trafficking of ␤-catenin.
INTRODUCTION
The canonical Wnt/␤-catenin signaling pathway plays diverse roles in embryonic development and in maintenance of organs and tissues in adults (Wodarz and Nusse, 1998; Pinto and Clevers, 2005; Klaus and Birchmeier, 2008) . In recent years, dysregulation of this signaling cascade has been linked to the pathogenesis of a range of human diseases (Moon et al., 2004; Clevers, 2006) . In particular, aberrant activation of Wnt/␤-catenin signaling is found in a variety of human malignancies including melanoma and colon and hepatocellular carcinomas (Polakis, 2000; Klaus and Birchmeier, 2008) . Therefore, the Wnt/␤-catenin pathway has gained recognition as an attractive molecular target for anticancer therapeutics (Barker and Clevers, 2006; Takemaru et al., 2008) .
In the canonical Wnt pathway, ␤-catenin plays a central role, acting as a transcriptional coactivator (Takemaru, 2006) . In the absence of Wnt ligands, ␤-catenin is sequentially phosphorylated by casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3) in the so-called "destruc-tion complex," containing the tumor suppressors Axin and Adenomatous polyposis coli (APC). This constantly targets ␤-catenin for ubiquitin-mediated proteasomal degradation, keeping the cytosolic pool of ␤-catenin low (Kimelman and Xu, 2006; Macdonald et al., 2007) . On engagement with the seven transmembrane Frizzled (Fz) receptors and the low-density lipoprotein receptor-related protein (LRP) coreceptors, LRP5 and LRP6, Wnts trigger recruitment of Axin to the plasma membrane, resulting in inhibition of ␤-catenin phosphorylation and degradation (Cadigan and Liu, 2006; Huang and He, 2008) . Consequently, ␤-catenin accumulates in the cytoplasm and then translocates into the nucleus where it forms a complex with the T-cell factor/lymphoid enhancer factor (Tcf/Lef) family of transcription factors, leading to activation of target genes (Stadeli et al., 2006; Willert and Jones, 2006) . ␤-Catenin also functions in cell adhesion by binding to type I cadherins to mediate actin filament assembly via ␣-catenin at the plasma membrane (Takemaru, 2006) . Although ␤-catenin resides in multiple subcellular compartments, the cellular and molecular bases controlling its dynamic intracellular trafficking remain poorly defined.
Chibby (Cby) is a small protein of 14.5 kDa that is highly conserved throughout evolution from fly to human (Takemaru et al., 2003) . Cby directly interacts with the C-terminal activation domain of ␤-catenin and represses ␤-catenin-mediated transcriptional activation by competing with Tcf/Lef factors for ␤-catenin binding (Takemaru et al., 2003 (Takemaru et al., , 2009 ). More recently, we proposed a second mode of action for Cby in inhibiting ␤-catenin signaling . We showed that 14-3-3 chaperone proteins specifically recognize serine 20 within the N-terminal 14-3-3-binding motif of Cby when phosphorylated by Akt kinase, leading to sequestration of This article was published online ahead of print in MBC in Press (http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E09 -05-0437) on November 25, 2009. Cby into the cytoplasm. Importantly, Cby and 14-3-3 form a stable tripartite complex with ␤-catenin to facilitate its partition into the cytoplasm. However, the nuclear-cytoplasmic shuttling nature of Cby and precise mechanisms underlying the nuclear export of ␤-catenin by Cby and 14-3-3 have not been fully understood at the molecular level.
14-3-3 proteins constitute a family of highly conserved dimeric proteins, comprised of seven isoforms in mammals (␤, ␥, , , , , and ; Aitken, 2006; Morrison, 2009) . In most cases, 14-3-3 proteins bind to one of the two high-affinity consensus sequences within the target protein, RSXpSXP (mode I) and RXXXpSXP (mode II), where pS represents phosphoserine (Muslin et al., 1996; Yaffe et al., 1997) . More than 200 different 14-3-3-binding partners have been identified (Jin et al., 2004; Meek et al., 2004) but the vast majority of these interactions are largely uncharacterized to date. The 14-3-3 family members serve as chaperon-like adaptor molecules that play important roles in a wide variety of cellular processes, including intracellular protein targeting by modulating nuclear import or export of their ligands (Muslin and Xing, 2000; Eckardt, 2001) . Exactly how 14-3-3 proteins trigger changes in subcellular localization of their targets remains to be elucidated. Several lines of evidence indicate that 14-3-3 causes cytoplasmic sequestration of the phosphatase Cdc25 and histone deacetylase (HDAC) 4, at least in part, by inhibiting their interaction with the nuclear import receptor importin-␣ (Kumagai and Dunphy, 1999; Yang et al., 1999; Grozinger and Schreiber, 2000) . In contrast, 14-3-3 binding induces nuclear translocation of myopodin in myoblasts by facilitating its association with importin-␣ (Faul et al., 2005) . Thus, it seems likely that the final destinations of 14-3-3-ligand complexes are determined by the ligand per se rather than 14-3-3, through either masking or exposing the nuclear localization signal (NLS) or nuclear export signal (NES) sequence of ligands.
In the present study, we have investigated the nuclearcytoplasmic shuttling properties of Cby. Cby contains functional NLS and NES motifs that physically interact with importin-␣ and the nuclear export receptor CRM1 (chromosomal region maintenance protein 1), respectively. Cby NLS mutants predominantly localize to the cytoplasm, whereas Cby NES mutants reside in the nucleus, exhibiting colocalization with ␤-catenin. Intriguingly, 14-3-3-bound Cby favors a complex formation with CRM1 but not that with importin-␣, providing a molecular basis accounting for the cytoplasmic redistribution of Cby by 14-3-3 proteins. In good agreement with our model, knockdown of endogenous Cby expression by short hairpin RNA (shRNA) leads to marked nuclear accumulation of ␤-catenin. Our findings therefore suggest that Cby constitutively cycles between the nucleus and cytoplasm and regulates the dynamic nuclear-cytoplasmic trafficking and signaling activity of ␤-catenin.
MATERIALS AND METHODS

Expression Constructs and Bacterial Protein Expression
Expression plasmids for Flag-tagged CbyWT and CbyS20A, maltose-binding protein (MBP)-CbyWT, ␤-catenin-Myc, ␤-cateninS33Y-Flag. and HA-14-3-3 have been described previously (Takemaru et al., 2003; Li et al., 2008) . The HA-CRM1 construct was kindly provided by Dr. J. A. Diehl (Abramson Family Cancer Research Institute; Benzeno and Diehl, 2004) . The His-RanQ69L-GTP plasmid was a gift from Dr. M. Dasso (NIH). The bacterial expression vectors for glutathione S-transferase (GST)-importin-␣ and GSTimportin-␤ were kind gifts from Dr. N. Reich (Stony Brook University; Liu et al., 2005) and Dr. Y. Yoneda (Osaka University, Japan; Nagoshi and Yoneda, 2001) , respectively. N-terminally Flag-tagged Cby point mutants were created with the QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) using the Flag-CbyWT vector as a template. The HA-importin-␣3 expression plasmid was constructed by digesting the GST-importin-␣3 vector with BamHI and SalI, and ligating the cDNA insert into pcDNA5-HA (Invitrogen, Carlsbad, CA). To generate the CbyWT-C-Flag and Cby⌬NLS2-C-Flag constructs, C-terminally Flag-tagged Cby cDNA fragments were PCR-amplified using a reverse primer containing a Flag sequence at the 3Ј end, digested with EcoRI and XhoI, and subcloned into pCS2ϩ. For Flag-Cby⌬NLS2, GFP-CbyWT and GFP-Cby⌬NLS2 or MBP-Cby⌬NLS2 and MBP-CbyR76A/R78A/ R79A, a corresponding cDNA insert, was amplified by PCR and subcloned into pCS2ϩ, pCS2ϩGFP-BB, or pMAL-c2E (New England Biolabs, Beverly, MA). We verified all constructs by DNA sequencing. GST and MBP fusion proteins were expressed in Escherichia coli BL21 cells and purified using GST⅐Bind (Novagen, Madison, WI) and amylose (New England Biolabs) beads, respectively, according to the manufacturer's instructions.
Cell Culture and Transfection
Human embryonic kidney (HEK) 293, HEK293T. and Cos7 cell lines were purchased from ATCC (Manassas, VA) and propagated in DMEM with 10% FBS and 100 U/ml penicillin-streptomycin. Mouse embryonic fibroblasts (MEFs) were prepared from mouse embryos at embryonic day 12.5 as described previously (Li et al., 2007) . For transient transfection, cells were seeded onto 6-or 12-well tissue culture dishes, cultured overnight, and then transfected using Lipofectamine 2000 (Invitrogen) or Expressfect (Denville Scientific, Denville, NJ) according to the manufacturer's instructions. Empty vector was added to adjust the total amount of DNA to be the same in each transfection. For generation of Cbyknockdown cell lines, HEK293 cells were transfected with a human Cby-specific SureSilencing shRNA or negative control scrambled shRNA plasmid (SABiosciences, Frederick, MD), and selected with 2.5 g/ml puromycin (Invitrogen). Puromycin-resistant single colonies were isolated, grown, and tested for knockdown of Cby protein levels by Western blotting. Three independent stable cell lines expressing control shRNA or Cby shRNA with maximum knockdown were used to examine ␤-catenin localization, and similar trends were observed using all the cell lines.
Coimmunoprecipitation and Western Blot Analyses
Transfected HEK293T cells were washed twice with PBS and collected into ice-cold lysis buffer containing 20 mM Tris-HCl, pH 8.0, 135 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1% Triton X-100, 10% glycerol, and complete protease inhibitor cocktail (Roche, Indianapolis, IN). Cell lysates were then cleared by centrifugation at 12,000 rpm for 10 min at 4°C. The supernatants were collected and processed for coimmunoprecipitation and immunoblotting experiments as previously described (Li et al., 2007 . The primary antibodies used were as follows: rabbit anti-Cby (Takemaru et al., 2003) ; mouse anti-Flag M2 (Sigma-Aldrich, St. Louis, MO); rat anti-HA (Roche); mouse anti-GST (Novagen); mouse anti-MBP (New England Biolabs); rabbit anti-CRM1 and rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA); mouse anti-GAPDH (Biodesign International, Saco, ME). All HRP-conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).
In Vitro Pulldown Experiments
Equal amounts of bacterially expressed and purified MBP or MBP-Cby derivatives were mixed with GST, GST-importin-␣, or GST-importin-␤ in protein-binding buffer (20 mM HEPES, pH 7.9, 100 mM NaCl, 6 mM MgCl 2 , 0.5 mM EDTA, 0.1% NP-40. and 20% glycerol) and incubated for 1 h on ice. For the binding assays in Figure 6B , equal amounts of GST or GST-importin-␣3 was incubated with HEK293T cell lysates expressing Flag-Cby variants or HA-14-3-3 for 1 h on ice as indicated. On addition of 10 l (packed volume) of amylose beads (New England Biolabs) or GST⅐Bind resin (Novagen), the mixture was rotated for additional 1 h at 4°C and washed extensively with protein-binding buffer. The bound materials were then eluted with SDS sample buffer, separated on SDS-PAGE, and examined by Western blotting.
Immunofluorescence Microscopy
Immunofluorescence microscopy was performed essentially as described previously . The primary antibodies used were as follows: mouse anti-Flag M2 (Sigma-Aldrich); rat anti-HA (Roche); mouse anti-Myc (Invitrogen); rabbit anti-Cby (Takemaru et al., 2003) ; mouse anti-␤-catenin (BD Transduction Laboratories, Lexington, KY). Fluorescent FITC-and TRITC-conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories. Immunostained cells were analyzed by a Leica DM5000 fluorescent microscope (Deerfield, IL) with an HCX PL Fluotar 100ϫ/1.30 NA oil objective lens. All images were acquired at room temperature with a Leica DFC300 FX camera using Leica Application Suite software version 2.8.1. To quantify subcellular localization, independent transfections were performed at least three times, and a minimum of 100 cells was counted and scored. In cotransfections, only cells expressing both proteins were scored.
TopFlash Assays
HEK293T cells were seeded onto 12-well plates the day before transfection. Cells were transfected with appropriate combinations of plasmids in triplicate. Luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) and a Berthold luminometer (Berthold Technologies, Bad Wildbad, Germany) as previously described (Li et al., 2007 ). An expression plasmid for Renilla luciferase (pRL-TK) was cotransfected to normalize transfection frequency.
RESULTS
The C-Terminal NLS Is Necessary for Nuclear Import of Cby
Human Cby is a 14.5-kDa protein comprised of 126 amino acids, and contains two highly conserved putative NLS motifs spanning residues 76 -80 (NLS1) and 123-126 (NLS2; Takemaru et al., 2003;  Figure 1A ). To investigate the functionality of these NLSs, we introduced a series of alanine substitutions for conserved basic residues within the NLSs by site-directed mutagenesis ( Figure 1A ). Western blotting revealed that all the Cby NLS mutants were stably expressed at levels comparable to the wild-type (WT) protein upon overexpression in mammalian cultured cells (data not shown). Consistent with our previous observation , when expressed in Cos7 cells, N-terminally Flagtagged CbyWT primarily localized to the cytoplasm or both the nucleus and cytoplasm, especially in cells with high levels of Cby expression ( Figure 1 , B and C). A Cby NLS1 mutant, carrying alanine substitutions for three arginine residues at positions 76, 78, and 79 (R76A/R78A/R79A), displayed no major changes in subcellular distribution in comparison with CbyWT. In sharp contrast, point mutations within NLS2 (R123A/R125A) or deletion of the entire NLS2 sequence (⌬NLS2) dramatically shifted Cby localization to the cytoplasm. To confirm the importance of NLS2 in nuclear translocation of Cby, we expressed N-terminally green fluorescent protein (GFP)-tagged CbyWT or Cby⌬NLS2 in Cos7 cells and examined their intracellular localization. As shown in Figure 1D , GFP-CbyWT showed a distribution pattern similar to that of Flag-CbyWT, whereas GFP-Cby⌬NLS2 was predominantly cytoplasmic. These results clearly establish that the NLS2 motif, but not NLS1, is crucial for mediating nuclear entry of Cby.
During the course of our study, we found that C-terminally Flag-tagged CbyWT (CbyWT-C-Flag) displays almost complete nuclear accumulation ( Figure 1 , B and C), most likely due to a conformational change that exposes the normally buried C-terminal NLS2. Essentially, similar results were obtained for C-terminally Myc-or GFP-tagged CbyWT (data not shown). Deletion of the NLS2 sequence again resulted in a predominant cytoplasmic distribution of the protein. Quantification of Cby localization revealed that Ͻ10% of cells expressing Cby⌬NLS2-C-Flag exhibited clear nuclear immunofluorescence, whereas ϳ90% of cells expressing CbyWT-C-Flag showed discrete nuclear staining ( Figure 1C ). These findings further support the functional importance of NLS2 in translocation of Cby into the nucleus. 
Importin-␣ Physically Interacts with Cby NLS2 to Mediate Its Nuclear Entry
In the classical nuclear import pathway, importin-␣ plays a pivotal role by directly binding to NLS-containing proteins, linking them to importin-␤ (Macara, 2001; Goldfarb et al., 2004; Lange et al., 2007) . Importin-␤ in turn docks the ternary import complex at the nuclear pore complex (NPC) and facilitates its translocation into the nucleus. In mammals, there are at least six importin-␣ family members with distinct substrate specificity (Kohler et al., 1999; Liu et al., 2005) . To examine if any of these importin-␣ proteins directly recognize Cby, we performed in vitro pulldown assays using bacterially expressed and purified MBP-Cby and GST fusion proteins with different importin-␣ members (1, 3, and 5-7). The N-terminal importin-␤-binding (IBB) domain of importin-␣ contains an internal autoinhibitory NLS that associates with its own central Armadillo repeat region when it is not bound to an NLS cargo and/or importin-␤ (Moroianu et al., 1996; Kobe, 1999) . Thus, the IBB domain was deleted from the GST-importin-␣ proteins to eliminate this autoinhibition. MBP-CbyWT, MBP-Cby⌬NLS2, or MBP-CbyR76A/R78A/R79A was incubated with individual GSTimportin-␣ family members and pulled down using amylose resin. Subsequently, the bound proteins were separated by SDS-PAGE, followed by Western blotting with anti-GST antibody. As shown in Figure 2A , CbyWT specifically bound to importin-␣3, importin-␣5 as well as importin-␣6 with high affinity. On the other hand, CbyWT showed only a weak interaction with importin-␣1 and no interaction with importin-␣7. Importantly, deletion of Cby NLS2 completely abrogated its binding to importin-␣ proteins, whereas the triple NLS1 mutant (R76A/R78A/R79A) interacted with importin-␣3 as efficiently as CbyWT (lane 13). In some scenarios, importin-␤ has been shown to directly bind to NLS-containing proteins and mediate their nuclear import independently of importin-␣ (Palmeri and Malim, 1999; Truant and Cullen, 1999) . However, importin-␤ was unable to interact with CbyWT in our in vitro pulldown assays ( Figure 2B ). Taken together, our data demonstrate that Cby specifically interacts with multiple importin-␣ family members through the C-terminal NLS2 motif.
To evaluate the functional relevance of the Cby-importin-␣ interaction, we tested whether ectopic expression of importin-␣ influences Cby localization within cells. To this end, Flag-tagged CbyWT or Cby⌬NLS2 was transiently coexpressed with HA-importin-␣3 in Cos7 cells, and immunostained for Cby using anti-Flag antibody. On coexpression with HA-importin-␣3, significant levels of Flag-CbyWT were observed in the nucleus ( Figure 2C , top right panel), whereas the predominant cytoplasmic localization of Flag-Cby⌬NLS2 remained unaffected (bottom right panel). Of note, when ectopically expressed in Cos7 cells, HA-importin-␣3 was distributed throughout the cytoplasm and nucleus in most cells (Supplemental Figure S1 ). Therefore, we conclude that Cby NLS2 at the C-terminus functions as a bona fide NLS required for its nuclear translocation through interaction with importin-␣.
Cytoplasmic Localization of Cby Requires a Functional NES in Its N-Terminal Region
Given the fact that Cby is present in both the nucleus and cytoplasm, Cby might be constantly shuttling in and out of the nucleus. Consistent with this notion, we found that Cby harbors two predicted NESs (NES1, 21 L-SN-L-HS-L-d-R 29 ; NES2, 90 L-LR-L-KVD-I-L-L 99 ; critical hydrophobic residues are shown in bold), which show close matches to the classical NES consensus sequence, ⌽-(X 2-3 )-⌽-(X 2-3 )-⌽-X-⌽ (⌽ ϭ L, I, V, F, M; X is any amino acid; Figure 3A ; la Cour et al., 2004; Kutay and Guttinger, 2005) . To assess if the putative NESs in Cby are responsible for its nuclear export, we generated a series of N-terminally Flag-tagged Cby mutants carrying leucine-or isoleucine-to-alanine substitutions within these motifs by site-directed mutagenesis ( Figure  3A ). When expressed in mammalian cultured cells, expres-Figure 2. Importin-␣ binds to Cby and facilitates its nuclear entry. (A) Cby interacts with multiple importin-␣ isoforms through the NLS2 motif. Bacterially expressed and purified MBP-CbyWT, MBP-Cby⌬NLS2, or MBP-CbyR76A/R78A/R79A was incubated with GST fusion proteins with different importin-␣ members (1, 3, and 5-7). The complexes were then pulled down with amylose beads and subjected to Western blotting using anti-GST antibody. Input corresponds to the same amounts of fusion proteins used in each reaction mixture, visualized by silver staining to confirm that equal amounts of recombinant proteins were used. (B) Importin-␤ does not interact with Cby. In vitro pulldown assays were performed using GST-importin-␤ as described in A. Ten percent of each reaction mixture was resolved on a separate SDS-PAGE, followed by immunoblotting with anti-GST and anti-MBP antibodies to verify that equal amounts of recombinant proteins were used. (C) Overexpression of importin-␣ promotes nuclear localization of CbyWT but not that of Cby⌬NLS2. Cos7 cells were cotransfected with an expression construct for Flag-tagged CbyWT or Cby⌬NLS2 and a negative control empty vector or an HA-importin-␣3 expression plasmid and immunostained with anti-Flag antibody. sion levels of Cby NES1 mutants were slightly reduced, but the other Cby mutants were found to be present at levels similar to CbyWT as revealed by Western blotting (data not shown). Next, the Cby NES mutants were transiently expressed in Cos7 cells, and their subcellular distribution evaluated by immunofluorescence microscopy (Figure 3 , B and C). Strikingly, three Cby NES1 mutants (L21A, L24A, and L21A/L24A/L27A) showed a dramatic shift in their intracellular localization toward the nuclear compartment. The triple point mutant CbyL21A/L24A/L27A frequently had even more discrete nuclear staining. Conversely, no appreciable changes were observed with CbyL27A. The other Cby mutants carrying alanine substitutions within the NES2 motif (L90A, L93A, I97A, L99A, L93A/I97A, and L90A/L93A/ I97A/L99A) or outside of the NES sequences (L36A/L38A) manifested localization patterns similar to that of CbyWT (Figure 3 , B and C; data not shown). Collectively, these results demonstrate that NES1 but not NES2 is a genuine NES necessary for nuclear export of Cby.
Cby Exits the Nucleus via the CRM1-Dependent Nuclear Export Pathway
CRM1/Exportin1 is the major nuclear export receptor for classical NES-containing proteins (Macara, 2001; Pemberton and Paschal, 2005; Hutten and Kehlenbach, 2007) . This, together with our identification of a functional NES in Cby, raises the possibility that Cby is exported from the nucleus via the CRM1-mediated pathway. To test this hypothesis, we used leptomycin B (LMB), a potent inhibitor of CRM1dependent nuclear export (Kumagai and Dunphy, 1999; Brunet et al., 2002) , to examine whether it can block nuclear export of Cby. As we predicted, LMB treatment of Cos7 cells expressing Flag-CbyWT led to a significant redistribution of Cby to an almost exclusive nuclear localization ( Figure 4A ).
Similar results were obtained for endogenous Cby in MEFs ( Figure 4B) , and for exogenous Cby expressed in HEK293T cells (Supplemental Figure S2) . Cby, therefore, continuously shuttles between the nucleus and cytoplasm, and transits out of the nucleus in a CRM1-dependent manner.
CRM1 mediates nuclear export of numerous cellular proteins by directly binding to their NES (Macara, 2001; Pemberton and Paschal, 2005) . Hence, we asked if Cby forms a complex with CRM1 using coimmunoprecipitation (CoIP) experiments. Cell lysates from HEK293T cells expressing Flag-CbyWT alone or in combination with CRM1 were immunoprecipitated with control rabbit IgG or rabbit anti-CRM1 antibody, and immunoblotted with anti-Flag antibody. As shown in Figure 4C , Cby specifically interacted with endogenous CRM1 (cf. lane 2 with lanes 1 and 6). Endogenous CRM1 appears to be abundant as exogenous expression of CRM1 did not significantly increase the amount of Cby coprecipitating with CRM1 (lane 3). Ran-GTP binds to CRM1 and stabilizes a CRM1-NES complex (Fornerod et al., 1997; Bogerd et al., 1998) . In accordance with this, the RanQ69L-GTP mutant defective in GTP hydrolysis (Hetzer et al., 2000) slightly, but reproducibly, augmented the Cby-CRM1 interaction (lane 4).
To determine whether the CRM1-Cby interaction occurs through the NESs of Cby, we tested binding of CRM1 to various Cby NES mutants using CoIPs ( Figure 4D ). The three Cby NES1 mutants predominantly localized to the nucleus (L21A, L24A, and L21A/L24A/L27A; Figure 3 ) failed to associate with CRM1 (lanes 3, 4, and 6 ). On the contrary, CbyL27A, both Cby NES2 mutants (L93A/I97A and L90A/L93A/I97A/L99A) and the control non-NES variant (L36A/L38A), showing normal subcellular distribution, effectively interacted with CRM1 (lanes 5 and 7-9). Curiously, CbyS20A incapable of 14-3-3 binding (Li et al., Figure 4E ). Taken together, these findings argue that the NES1 motif mediates Cby nuclear export through its direct association with CRM1.
The Efficient Nuclear Export of Cby Requires a Cooperative Action of CRM1 and 14-3-3
Consistent with our previous observations , when coexpressed with 14-3-3, Cby is primarily sequestered in the cytoplasm where it colocalizes with 14-3-3 ( Figure  5A) . Notably, LMB treatment resulted in nuclear accumulation of both Cby and 14-3-3 proteins. This suggests that Cby constantly shuttles between the nucleus and cytoplasm even in the presence of excess 14-3-3 and that the primary role of 14-3-3 is to shift the equilibrium of Cby localization toward the cytoplasm rather than causing cytoplasmic retention of Cby.
To begin to understand the molecular basis underlying the steady-state cytoplasmic compartmentalization of Cby by 14-3-3 proteins, we first assessed binding of various Cby NES mutants to 14-3-3 using CoIP assays. For this purpose, HEK293T cells were transiently cotransfected with expression vectors for HA-14-3-3 and individual Cby NES mutants, and cell lysates were immunoprecipitated with anti-Flag antibody and immunoblotted with anti-HA antibody. As shown in Figure 5B , Cby mutants carrying a leucine-toalanine substitution at position 24 (L24A and L21A/L24A/ L27A) completely lost their ability to interact with 14-3-3 (lanes 3 and 5), demonstrating that leucine 24, which lies just C-terminal to the 14-3-3-binding motif, strongly influences 14-3-3 binding. This is consistent with a prior report that mutations in amino acids C-terminal to the 14-3-3-binding motif in Cdc25 severely impair 14-3-3 binding (Uchida et al., 2006) . The other Cby NES mutants efficiently bound to 14-3-3. Among them, CbyL21A is of particular interest as it fails to bind to CRM1 ( Figure 4D ), thereby accumulating in the nucleus (Figure 3) , despite its ability to form a stable complex with 14-3-3. These data indicate that 14-3-3 binding alone is not sufficient to promote Cby nuclear exclusion and Cell lysates from HEK293T transfected with the indicated combinations of expression plasmids for Flag-Cby and CRM1 were incubated in the presence or absence of recombinant His-RanQ69L-GTP and immunoprecipitated using rabbit anti-CRM1 antibody or control rabbit IgG, followed by Western blot analysis with anti-Flag antibody. (D) CRM1 binds to the NES1 motif in the N-terminal region of Cby. HEK293T cells were transfected with Flag-tagged CbyWT or individual NES variants, and cell lysates were immunoprecipitated with anti-CRM1 antibody and immunoblotted with anti-Flag antibody. Note that, to compensate for protein levels, the amounts of DNA for CbyL21A, CbyL24A, CbyL27A, and CbyL21A/L24A/L27A were appropriately increased for transfection, and hence roughly similar expression levels were observed for all the Cby mutants (bottom panel). (E) Forced expression of CRM1 triggers cytoplasmic relocation of CbyWT but not that of the triple NES1 mutant CbyL21A/L24A/ L27A. Cos7 cells were cotransfected with an expression plasmid for Flag-tagged CbyWT or CbyL21A/L24A/L27A and a control empty or CRM1 vector, followed by immunostaining with anti-Flag antibody. that binding of both CRM1 and 14-3-3 ensures efficient nuclear exit of Cby.
14-3-3 Establishes the Steady-State Cytoplasmic Localization of Cby by Enhancing the Interaction of Cby with CRM1 and Inhibiting Cby Binding to Importin-␣
Once bound to 14-3-3 proteins, Cby is predominantly localized to the cytoplasm at steady state ( Figure 5A ; Li et al., 2008) . How is this dynamic equilibrium of Cby distribution accomplished? Interestingly, we noted that the functional NES1 ( 21 LSNLHSLDR 29 ) partially overlaps with the adjacent 14-3-3-binding motif ( 16 RKSASLS 22 ) in the N-terminal region of Cby protein. Additionally, the 14-3-3-binding-deficient mutant CbyS20A is unable to interact with CRM1 ( Figure 4D, lane 10) . These lines of circumstantial evidence prompted us to hypothesize that 14-3-3 docking might provoke a conformational change of Cby, allowing high-affinity recognition of the NES1 motif by CRM1. To test this possibility, we coexpressed a constant amount of Flag-CbyWT and increasing amounts of HA-14-3-3 in HEK293T cells, and cell lysates were immunoprecipitated with anti-CRM1 antibody, followed by Western blotting with anti-Flag antibody. As shown in Figure 6A , expression of 14-3-3 enhanced the interaction between Cby and CRM1 in a dosedependent manner.
Previous studies have shown that 14-3-3 proteins eliminate binding of Cdc25 and HDAC4 to importin-␣, thereby blocking their nuclear import (Kumagai and Dunphy, 1999; Yang et al., 1999; Grozinger and Schreiber, 2000) . Hence, we examined whether 14-3-3 binding affects the Cby-importin-␣ interaction using in vitro binding assays ( Figure 6B ). Bacterially produced GST or GST-importin-␣3 was incubated with cell lysates from HEK293T cells expressing Flag-tagged CbyWT or 14-3-3-binding-defective CbyS20A and from those expressing HA-14-3-3, and pulled down using gluta-thione beads. The bound protein complexes were then resolved by SDS-PAGE and subjected to Western blotting with anti-Flag antibody. Increasing amounts of 14-3-3 effectively interfered with CbyWT binding to importin-␣, while having essentially no effect on the CbyS20A-importin-␣ interaction. These observations suggest that 14-3-3 proteins facilitate nuclear export of Cby while inhibiting its nuclear import, resulting in cytoplasmic accumulation of Cby in a steadystate equilibrium.
Nuclear-Cytoplasmic Shuttling of Cby Influences Subcellular Distribution and Signaling Activity of ␤-Catenin
Cby and 14-3-3 form a stable tripartite complex with ␤-catenin, causing ␤-catenin to partition into the cytoplasm, thereby antagonizing ␤-catenin signaling . To elucidate if the nuclear-cytoplasmic shuttling of Cby modulates ␤-catenin subcellular distribution, we examined ␤-catenin localization after coexpression with the cytoplasmic Cby⌬NLS2 or nuclear CbyL21A/L24A/L27A mutant. On ectopic expression in mammalian cultured cells, a stabilized form of ␤-catenin (␤-catenin-Myc) is typically distributed throughout the nucleus and cytoplasm ( Figure 7B ; Li et al., 2008) . Forced expression of CbyWT causes a dramatic shift in ␤-catenin localization toward the cytoplasm (Figure 7 , A and B) by cooperating with endogenous 14-3-3 . Strikingly, expression of cytoplasmic Cby⌬NLS2 resulted in sequestration of ␤-catenin mainly in the cytoplasm, whereas that of nuclear CbyL21A/L24A/L27A trapped ␤-catenin in the nucleus (Figure 7, A and B) . As anticipated, the triple NLS1 mutant (R76A/R78A/R79A) and the quadruple NES2 mutant (L90A/L93A/I97A/L99A) produced an effect similar to that of CbyWT. These results support the notion that Cby shuttling controls the intracellular distribution of ␤-catenin. Figure 5 . 14-3-3 binding alone is not sufficient for nuclear export of Cby. (A) LMB treatment induces nuclear accumulation of Cby and 14-3-3. Cos7 cells were cotransfected with Flag-Cby and HA-14-3-3, treated with LMB as described in the legend to Figure 4A , and doubly immunostained with anti-Flag and anti-HA antibodies. Nuclei were stained with DAPI. (B) Interactions between Cby NES mutants and 14-3-3. Cell lysates from HEK293T cells expressing Flag-tagged CbyWT or individual NES mutants and HA-14-3-3 were immunoprecipitated with anti-Flag antibody and detected with anti-HA antibody. Note that CbyL21A fails to bind to CRM1 ( Figure 4D, lane 3) but retains the ability to interact with 14-3-3, and yet predominantly localizes to the nucleus (Figure 3, B and C) . IgG H and IgG L denote IgG heavy and light chains, respectively.
Next, we sought to address whether the nuclear-cytoplasmic shuttling of Cby influences ␤-catenin signaling activity using Tcf/Lef luciferase reporter (TopFlash) assays (Korinek et al., 1997; Takemaru et al., 2003) . First, we evaluated the effects of Cby NLS mutations on ␤-catenin signaling ( Figure  7C ). Transfection of stabilized ␤-catenin-Myc stimulated TopFlash activity 26-fold, and CbyWT potently repressed it in a dose-dependent manner. As expected, the triple NLS1 mutant (R76A/R78A/R79A) behaved similarly to CbyWT. Intriguingly, Cby NLS2 mutants defective in nuclear entry (R123A/R125A and ⌬NLS2) inhibited ␤-catenin-mediated TopFlash activation slightly more potently than CbyWT by trapping ␤-catenin in the cytoplasmic compartment (Figure 7,  A and B) . In contrast, exclusively nuclear C-terminally Flagtagged CbyWT (CbyWT-C-Flag) displayed a reduced ability to inhibit TopFlash activity. Cby⌬NLS2-C-Flag, however, repressed ␤-catenin signaling as efficiently as Cby⌬NLS2.
We also assessed the ability of Cby NES mutants to inhibit ␤-catenin signaling using TopFlash assays. We found that Cby NES1 mutants incapable of nuclear export (L21A, L24A. and L21A/L24A/L27A) reproducibly manifested a reduced ability to repress ␤-catenin signaling ( Figure 7D ), presumably due to their failure to export nuclear ␤-catenin into the cytoplasm (Figure 7, A and B) . Conversely, the other Cby mutants showing no overt localization defects (L27A, L36A/ L38A, L93A/I97A, and L90A/L93A/I97A/L99A) suppressed TopFlash activation by ␤-catenin to an extent similar to CbyWT. These data concur with our dual mechanism model in which Cby antagonizes ␤-catenin signaling in both the nucleus and cytoplasm , and also imply that cytoplasmic Cby confers a more potent repressive activity than nuclear Cby in regulating ␤-catenin signaling.
Knockdown of Endogenous Cby Results in Nuclear Accumulation of ␤-Catenin
To investigate whether endogenous Cby modulates ␤-catenin localization, we generated HEK293 cell lines stably expressing shRNA against Cby or negative control scrambled shRNA. As shown in Figure 8A , the levels of endogenous Cby protein were effectively reduced by Cby shRNA expression. To determine the effect of Cby knockdown on ␤-catenin localization, we transiently expressed stabilized ␤-catenin (␤-cateninS33Y-Flag) in Cby and control shRNA-expressing cells, and evaluated its subcellular distribution by fluorescence microscopy. Intriguingly, ␤-catenin predominantly localized to the nucleus in Cby-knockdown cells as opposed to its diffuse nuclear and cytoplasmic distribution in control cells ( Figure 8B ). Quantification of ␤-catenin localization revealed that ϳ10% of control cells displayed nuclear immunofluorescence, whereas roughly 70% of Cby-knockdown cells exhibited clear nuclear staining ( Figure 8C ). These results provide further evidence to support our model in which Cby controls nuclear export of ␤-catenin.
DISCUSSION
The Wnt/␤-catenin signaling pathway has been implicated in numerous aspects of development and disease. Wnt components are often mutated or otherwise dysregulated in a variety of human cancers. In particular, greater than 70% of colon cancer patients are known to harbor activating mutations in the Wnt/␤-catenin pathway (Polakis, 2000; Lustig and Behrens, 2003) . These mutations ultimately lead to stabilization and nuclear migration of the key coactivator ␤-catenin, resulting in changes in gene expression that initiates tumor formation. Accordingly, the nuclear and cytoplasmic trafficking of ␤-catenin is of considerable clinical importance and can be exploited as a therapeutic target for cancers and other diseases associated with altered Wnt signaling, but remains poorly defined.
In this study, we have shown that Cby possesses the intrinsic NLS ( 123 RKRK 126 ) and NES ( 21 LSNLHSLDR 29 ) motifs that physically interact with importin-␣ and CRM1, respectively. Cby NLS2 mutants fail to bind to importin-␣ and thus localize to the cytoplasm, whereas Cby NES1 mutants are incapable of binding to CRM1 and accumulate in the nucleus. In support of these findings, Cby constitutively travels between the nucleus and cytoplasm.
14-3-3 family members control the subcellular localization of their target proteins through several distinct molecular mechanisms (Muslin and Xing, 2000; Morrison, 2009 ). 14-3-3 itself, however, contains neither NLS nor NES (Kumagai and Dunphy, 1999; Brunet et al., 2002) . Thus, final destinations of 14-3-3-ligand complexes entirely depend on the NLS and/or NES sequences that are intrinsic to their ligands. A series of elegant studies have demonstrated that 14-3-3 binding causes cytoplasmic enrichment of the mitotic activator Cdc25 phosphatase by masking a nearby NLS and blocking the interaction of Cdc25 with importin-␣ (Kumagai and Dunphy, 1999; Yang et al., 1999) . However, not all 14-3-3bound cargoes are destined for cytoplasmic sequestration. For instance, 14-3-3 has been shown to promote nuclear accumulation of myopodin by facilitating importin-␣ binding to myopodin NLSs that are, in this case, positioned distantly from its 14-3-3-binding sites (Faul et al., 2005) . Furthermore, interactions between CRM1 and NES-contain-Figure 6. 14-3-3 facilitates the Cby-CRM1 interaction but blocks the Cby-Importin-␣ interaction. (A) 14-3-3 promotes Cby binding to CRM1. Flag-CbyWT and increasing amounts of HA-14-3-3 were coexpressed in HEK293T cells, and cell lysates immunoprecipitated with anti-CRM1 antibody, followed by Western blot analysis with anti-Flag antibody. Immunoblotting of cell lysates with the indicated antibodies was performed to monitor protein levels. (B) 14-3-3 inhibits Cby binding to importin-␣. Bacterially produced GST or GST-importin-␣3 was incubated with cell lysates from HEK293T cells expressing Flag-tagged CbyWT or CbyS20A incapable of 14-3-3 binding and from those expressing HA-14-3-3. The samples were then pulled down with glutathione beads, separated by SDS-PAGE, and immunoblotted with anti-Flag antibody.
ing proteins can also be influenced by 14-3-3 (Seimiya et al., 2000) . In the case of Cby, we found that 14-3-3 enhances the Cby-CRM1 interaction while interfering with the Cby-importin-␣ interaction, thereby achieving the cytoplasmic sequestration of Cby at a steady-state equilibrium. It is noteworthy that Cby enters the nucleus even in the presence of excess 14-3-3 ( Figure 5A ). This clearly suggests that 14-3-3 binding induces a shift in the distribution equilibrium of Cby toward the cytoplasm rather than retaining Cby in the cytoplasmic compartment. Our model for the regula-tory action of 14-3-3 on Cby closely parallels the one proposed for Cdc25 as it is also capable of migrating into the nucleus even when 14-3-3 is overexpressed (Kumagai and Dunphy, 1999) .
Curiously, Cby NES1 ( 21 LSNLHSLDR 29 ) is juxtaposed to its 14-3-3-binding motif ( 16 RKSASLS 22 ) in a partially overlapping manner. Thus, it is tempting to speculate that 14-3-3 docking triggers a conformational change in Cby that exposes the NES1 motif to permit CRM1 to recognize and mediate nuclear export. Indeed, overexpression of 14-3-3 Figure 1C . Error bars, means Ϯ SD of three independent experiments. (C and D) Effects of Cby NLS mutants (C) or Cby NES mutants (D) on ␤-catenin-mediated transcriptional activation were evaluated by TopFlash assays. HEK293T cells were transfected with 10 ng of TopFlash luciferase reporter with or without 10 ng of an expression vector for stabilized ␤-catenin (␤-catenin-Myc) and the indicated amounts of a Flag-tagged Cby expression plasmid. Luciferase activity was measured 24 h after transfection and normalized to Renilla luciferase activity used as an internal control. Transfections were carried out in triplicate, and the means Ϯ SD are shown. The basal TopFlash value was set as 1. Western blot analysis with anti-Flag antibody showed that Cby proteins were expressed at similar levels (bottom panels). Note that, to compensate protein levels, higher amounts of DNA for CbyL21A, CbyL24A, CbyL27A, and CbyL21A/L24A/L27A were used for transfection.
facilitates Cby binding to CRM1 ( Figure 6A ). In further support of this idea, CRM1 fails to interact with 14-3-3binding-defective CbyS20A ( Figure 4D, lane 10) . Moreover, 14-3-3 binding alone is not sufficient to transport Cby out of the nucleus (Figures 3 and 5B) . These results therefore indicate that Cby's ability to interact with both 14-3-3 and CRM1 is necessary for efficient Cby nuclear exit. This is reminiscent of the nuclear export model proposed for the Forkhead transcription factor FoxO1 in which both intrinsic NES sequences and 14-3-3 binding ensure its rapid nuclear export (Brunet et al., 2002) .
Once Cby has been exported out of the nucleus, Cby may remain associated with 14-3-3 proteins in the cytoplasm as 14-3-3 inhibits binding of Cby to importin-␣ ( Figure 6B ). The fact that Cby can reenter the nucleus even in the presence of excess 14-3-3 ( Figure 5A) suggests the presence of a cellular phosphatase that dephosphorylates Cby at serine 20 before its binding to importin-␣ and reimport into the nucleus. Previous work has revealed an intricate mechanism regulating 14-3-3 release from Cdc25 that involves the PP2A/B56␦ phosphatase (Margolis et al., 2006) .
Cby antagonizes ␤-catenin signaling through two distinct molecular mechanisms . In the nucleus, Cby competes with Tcf/Lef transcription factors for binding to ␤-catenin. In addition, Cby associates with 14-3-3 to form a stable trimolecular complex with ␤-catenin to promote nuclear exclusion of ␤-catenin. Consistent with this model, we found that the cytoplasmic Cby⌬NLS2 mutant sequesters ␤-catenin in the cytoplasm ( Figure 7A ). In this context, we postulate that endogenous 14-3-3 is part of the complex because Cby⌬NLS2 retains the ability to interact with 14-3-3 proteins (Supplemental Figure S3 ). On the contrary, the nuclear triple NES1 mutant (L21A/L24A/L27A) traps ␤-catenin almost exclusively in the nucleus ( Figure 7A ) as previously observed with 14-3-3-binding-deficient CbyS20A . Both cytoplasmic Cby NLS2 mutants and nuclear Cby NES1 mutants are capable of blocking ␤-catenin-dependent transcriptional activation (Figure 7, C and D) . Cytoplasmic Cby appears to be more potent than nuclear Cby in repressing ␤-catenin signaling. One potential explanation is that in the nucleus, Tcf/Lef factors might gain access to ␤-catenin freed from nuclear Cby as they compete with Cby for ␤-catenin binding. On the other hand, cytoplasmic Cby sequesters ␤-catenin in the cytoplasmic compartment away from Tcf/Lef transcription factors, eliciting the more potent repressive effect. Likewise, nuclear and cytoplasmic APC differentially regulate ␤-catenin signaling activity (Neufeld et al., 2000) . These observations underscore the crucial role of the localization signals within Cby in controlling the subcellular localization and signaling activity of ␤-catenin. In further support of our model, knockdown of endogenous Cby by shRNA causes nuclear accumulation of ␤-catenin (Figure 8) .
Besides the Cby-14-3-3 pathway, the negative regulators of ␤-catenin, APC and Axin, have been shown to shuttle between the nucleus and cytoplasm, and facilitate nuclear export of ␤-catenin in a CRM1-dependent manner (Henderson, 2000; Rosin-Arbesfeld et al., 2000; Cong and Varmus, 2004; Wiechens et al., 2004) . The APC-and Axin-directed pathways may be coupled with proteasomal degradation of ␤-catenin. At present, the exact fate of Cby-14-3-3-bound ␤-catenin is unknown. Interestingly, ectopic expression of 14-3-3 was found to increase the steady-state level of ␤-catenin in the cytoplasm without overtly affecting nuclear ␤-catenin levels (Tian et al., 2004) . Thus, it is possible that the trimeric Cby-14-3-3-␤-catenin complex remains stable in the cytoplasm. This may serve as a reservoir of signaling competent ␤-catenin that is readily available for release in response to upstream signals. Clearly, further experiments will be required to delineate the final outcome of the Cby-14-3-3 nuclear export pathway.
In summary, we have unambiguously identified functionally active NLS and NES motifs in Cby. A balance between these subcellular trafficking signals, in cooperation with 14-3-3, regulates ␤-catenin intracellular distribution and signaling activity. Altogether, these data provide novel insights into the molecular mechanisms by which Cby and 14-3-3 proteins control the dynamic nuclear-cytoplasmic trafficking of ␤-catenin. Total cell lysates from HEK293 stable cell lines expressing control scrambled shRNA or Cby shRNA were immunoblotted with antibodies against Cby or GAPDH (loading control) as indicated. (B) ␤-Catenin accumulates in the nucleus in Cby-knockdown cells. Control or Cby shRNA-expressing HEK293 cells were transiently transfected with stabilized ␤-cateninS33Y-Flag and stained with anti-␤catenin antibody 17 h after transfection. Nuclei were labeled with DAPI. Similar results were obtained using anti-Flag antibody. (C) Quantitative analysis of the results in B. The subcellular distribution of ␤-catenin was scored as described in the legend to Figure  1C . Error bars, means Ϯ SD of three independent experiments.
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